The survival of motor neurons (SMN) complex is essential for the biogenesis of spliceosomal small nuclear ribonucleoproteins (snRNPs) as it binds to and delivers Sm proteins for assembly of Sm cores on the abundant small nuclear RNAs (snRNAs). Using the conserved snRNAs encoded by the lymphotropic Herpesvirus saimiri (HVS), we determined the specific sequence and structural features of RNAs for binding to the SMN complex and for Sm core assembly. We show that the minimal SMN complex-binding domain in snRNAs, except U1, is comprised of an Sm site (AUUUUUG) and an adjacent 3 stem-loop. The adenosine and the first and third uridines of the Sm site are particularly critical for binding of the SMN complex, which directly contacts the backbone phosphates of these uridines. The specific sequence of the adjacent stem (7 to 12 base pairs)-loop (4 to 17 nucleotides) is not important for SMN complex binding, but it must be located within a short distance of the 3 end of the RNA for an Sm core to assemble. Importantly, these defining characteristics are discerned by the SMN complex and not by the Sm proteins, which can bind to and assemble on an Sm site sequence alone. These findings demonstrate that the SMN complex is the identifier, as well as assembler, of the abundant class of snRNAs in cells because it is able to recognize an snRNP code that they contain.
Pre-mRNA splicing takes place in the nucleus of eukaryotic cells and is mediated by the spliceosome. The major components of the spliceosome are the small nuclear ribonucleoprotein particles (snRNPs) U1, U2, U5, and U4/U6, each of which is comprised of one U snRNA molecule, a common core of seven Sm proteins (B/BЈ, D1, D2, D3, E, F, and G), and several snRNP-specific proteins (31, 32, 66) . The biogenesis of snRNPs occurs in the cytoplasm shortly after the nuclear export of nascent snRNAs and requires the assembly of the Sm proteins into a seven-membered ring (25, 63) on a consensus sequence (PuAU [4] [5] [6] GPu) known as the Sm site of the U snRNA (2, 48) . After formation of the Sm core, the 7-methyl guanosine cap of the snRNA is hypermethylated to become a 2,2,7-trimethyl guanosine cap (35, 57) . A properly assembled Sm core, cap hypermethylation, and 3Ј end processing are required for the translocation of the mature snRNPs into the nucleus, where they function in splicing (10, 11, 20, 36, 37, 66) .
The process of bringing the protein and RNA components together during U snRNP assembly in the cytoplasm is mediated by and dependent upon the survival of motor neurons (SMN) protein complex (3, 9, 29, 30, 40, 43, 55, 56, (67) (68) (69) . Reduced levels of SMN due to a genetic defect cause spinal muscular atrophy, a severe neuromuscular disease that is characterized by degeneration of motor neurons in the spinal cord (6, 7, 21) . SMN, as an oligomeric protein, is part of a large multiprotein complex that contains Gemin2 (30) , the DEAD box RNA helicase Gemin3 (4), Gemin4 (5), Gemin5 (19) , Gemin6 (52) , and Gemin7 (1) . Although the function of the SMN complex in snRNP assembly is its best-characterized activity, it most likely functions in the assembly, metabolism, and transport of various other RNPs, including snoRNPs, miRNPs, and the machineries that carry out transcription and pre-mRNA splicing (3, 12, 18, 24, 39, 44, 45, 49, 51, (53) (54) (55) .
Purified snRNP total proteins, a preparation referred to as TPs, readily assemble an Sm core on a minimal Sm sequence oligonucleotide in vitro without ATP hydrolysis or other nonsnRNP factors (59, 60, 64) . However, in cell extracts the biogenesis of U snRNPs requires ATP hydrolysis (26, 40, 56) , suggesting that snRNP proteins are not free to randomly associate with any uridine-rich RNA sequences in cells. Rather, it is the SMN complex that actively brings Sm proteins to U snRNAs, acting as a crucial specificity factor to ensure that highly stable Sm cores are only assembled on the correct snRNAs (56, 67, 69) . Several components of the SMN complex bind directly to the Sm proteins, including the binding of SMN to the RG-rich C-terminal domains of the Sm proteins B, D1, and D3 (1, 1a, 3-5, 12, 19, 30, 52, 53) . This interaction is enhanced by the symmetric dimethylarginine modification of specific arginines by the 20S methylosome that contains an arginine methyltransferase (JBP1/PRMT5) (13) (14) (15) 41) . The SMN complex also binds directly and with sequence specificity to the Sm site containing U snRNAs. For U1 snRNA, the SMN complex-binding domain is contained within stem-loop 1 (68) . For the other major U snRNAs, U2, U4, and U5, the minimal SMN complex-binding domains are closer to their 3Ј ends and contain the Sm site and the 3Ј stem-loop. These SMN complexbinding domains are necessary and sufficient for SMN complex binding and SMN-dependent assembly of Sm cores (67, 69) . Previous studies have suggested that the SMN complex contains at least two separate high-affinity RNA binding domains-one for U1 snRNA and the other for U2, U4, and U5 snRNAs (67, 69) .
Recently, we have shown that the Herpesvirus saimiri (HVS)-encoded small nuclear RNAs (HSURs 1 to 7) (46) also use the SMN complex to assemble Sm cores (16) . HVS strain 11, the prototype gamma 2 herpesvirus, causes acute leukemias and T-cell lymphomas in some New World primates (8) . The HSURs bind the SMN complex with very high affinity to the U4 snRNA-type binding site and can effectively compete with host snRNAs for snRNP assembly (16) . Because the Sm sites FIG. 1. Mapping and direct binding of the minimal SMN complex-binding domains of the HSURs. (A) Native SMN complexes (SMN) were purified under high-salt conditions from stable cell lines expressing flag-Gemin2 (as described in Materials and Methods) and were analyzed by electrophoresis on 12.5% sodium dodecyl sulfate-polyacrylamide gels and silver staining. Immunoprecipitation using anti-flag antibody from the parental HeLa cell line was used as a control (Control). Core components of the SMN complex are labeled based upon molecular weight and Western blotting. Under these conditions, there is no detectable association of SMN complex with Sm proteins. (B) The SMN complex-binding domain of HSUR1. The 5Ј (5Ј-P ‫ء‬ )-and 3Ј (3Ј-P ‫ء‬ )-end-labeled HSUR1 was subjected to limited alkaline hydrolysis. The resulting hydrolyzed RNA ladders were incubated with purified SMN complex (SMN) or nonspecific proteins purified from HeLa cells (Control). The RNA fragments bound to the SMN complex were isolated and analyzed by electrophoresis on 7 M urea-8% acrylamide gels. The full-length RNA was digested with RNase T1 to provide a size marker. and predicted secondary structures of the HSURs are simple, conserved, and have apparently evolved to closely resemble those of U2, U4, and U5 snRNAs (27, 28) , it seems likely that their RNA motifs required for SMN complex binding and Sm core assembly might also be conserved. Therefore, we used the HSURs as a tool to identify the minimal RNA elements required for SMN complex binding and Sm core assembly.
Here we describe the essential features in an RNA that distinguish it and define it as an snRNA on which an Sm core will assemble, and we demonstrate that the SMN complex decodes these specific sequence features of an snRNA to determine its fate as a snRNP.
MATERIALS AND METHODS
Plasmids for in vitro transcription. Plasmids for in vitro transcription of HSURs 1, 3, 4, and 5 are described elsewhere (16) . Construction of all deletion mutants of HSUR 1, 3, 4, and 5 cDNAs and the HSUR5-60 with a destabilized terminal stem (des-stem) cDNA was carried out by PCR according to Imai et al. (22) . The HSUR4 and HSUR5 stem, swap, and flip constructs were synthesized as DNA oligonucleotides (Dharmacon) that were cloned into pGem-3Z. Fifteen and 70 nucleotides (nt) were added to HSUR5-60 RNA by digestion of carrier vector with restriction enzymes (HindIII and MseI, respectively) prior to runoff transcription.
Labeling of RNAs. In vitro transcription and [ 32 P]UTP labeling of RNAs were carried out as described previously (68) . [ 32 P]UTP-labeled RNAs were purified by electrophoresis on 7 M urea-6% polyacrylamide gels and precipitated with ethanol. RNAs were resuspended in deionized distilled water. The 5Ј or 3Ј end labeling of HSURs was carried out as described elsewhere (70) .
Limited alkaline hydrolysis and minimal binding analysis. Limited alkaline hydrolysis was carried out as described previously (70) .
Purification of native SMN complex. The SMN complex was purified from flag-Gemin2 HeLa Tet-ON cells as described previously (67) . The parental HeLa cell line served as a negative control. For purification of SMN complex under low-salt conditions, SMN complex or control bound to anti-flag beads (Sigma) was washed extensively with RSB-100 (10 mM Tris-HCl [pH 7.5], 100 mM NaCl, 2.5 mM MgCl 2 ) containing 0.02% NP-40. For complex purification under more stringent conditions, three additional washes were performed for 15 min each at 4°C with 10 bead volumes of RSB-500 containing 0.02% NP-40. The bound proteins were either equilibrated with 10 bead volumes of RSB-100 containing 0.01% NP-40 for binding experiments or eluted for 1 h at 4°C with 3ϫ Flag peptide (Sigma) at a final concentration of 0.5 mg/ml for analysis by silver staining or Western blotting. Proteins were resolved on sodium dodecyl sulfate-12.5% polyacrylamide gels or NuPAGE Novex Bis-Tris precast gradient 4 to 12% mini-gels (Invitrogen). The following mouse monoclonal antibodies were used for Western blotting: 2B1 (anti-SMN), 12H12 (anti-Gemin3), 17D10 (antiGemin4), 10G11 (anti-Gemin5), Y12 (anti-Sm), and 3C2 (hnRNP K). A rabbit polyclonal antibody was used to detect Gemin6.
In vitro binding of RNAs. In vitro binding experiments were performed as previously described (67) . The bound RNAs were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels.
Preparation of HeLa cell cytoplasmic extracts. HeLa cell cytoplasmic extracts competent for snRNP assembly were prepared as described previously (67) and immunodepletion of SMN complex was performed as described by Golembe et al. using anti-SMN monoclonal antibody (2B1) (16) .
Assay for assembly of snRNPs. In vitro Sm core assembly and electrophoretic mobility shift assays were carried out as described previously (56) . To quantitate the Sm core assembly, assembly reaction products were incubated with 4 g of anti-Sm (Y12) monoclonal antibody or control antibody (SP2/0) conjugated to protein A-Sepharose CL-4B (Amersham) in RSB-500 (10 mM Tris-HCl [pH 7.5], 500 mM NaCl, 2.5 mM MgCl 2 ) containing 0.1% NP-40 and 2 mg/ml heparin for 1 h at 4°C. Subsequently, the beads were washed five times with binding buffer and treated with proteinase K, and the immunoprecipitated RNAs were purified (70), and 20,000 cpm of each RNA was then incubated with RNase T1 (Ambion) according to the manufacturer's protocol. Digested RNAs were treated with proteinase K, and the RNAs were purified by phenol-chloroform extraction and ethanol precipitation and analyzed by electrophoresis on 7 M urea-12% polyacrylamide gels and autoradiography.
Phosphorothioate interference mapping. HSUR4-35 and HSUR5-60 RNAs were transcribed using T7 polymerase in the presence of adenosine, uridine, guanosine, or cytidine (A, U, G, or C) ␣-thiotriphosphates (Glen Research) as described by Ryder et al. (61) . The RNAs were purified by electrophoresis on 7 M urea-6% polyacrylamide gels, precipitated with ethanol, and labeled at the 5Ј end with [␥-
32 P]ATP as described previously (70) . A total of 100,000 cpm of each RNA was incubated with high-salt-washed SMN complex or nonspecific purified HeLa cell proteins immobilized on anti-flag beads (Sigma) in RSB-100 containing 0.01% NP-40 for 1 h at 4°C in the presence of 1 M tRNA. For the interference experiments using purified snRNP TPs, 500,000 cpm of HSUR5-60 was incubated with purified TPs for 1 h at 30°C in the same buffer. RNAs with assembled Sm cores were immunopurified using Y12 antibody as described for snRNP assembly. Subsequently, the beads were washed five times with binding buffer and treated with proteinase K, and the RNAs were purified by phenolchloroform extraction and ethanol precipitation. Precipitated RNAs were resuspended in 10 ml of loading buffer and cleaved at sites of phosphorothioate incorporation by addition of 1/10 volume of 2 mM I 2 in ethanol. Equivalent cpm counts of RNA not subjected to SMN complex binding (input) were cleaved with I 2 and run in parallel to normalize for phosphorothioate incorporation. The RNA fragments were resolved on either 7 M urea-10% polyacrylamide or 7 M urea-12% polyacrylamide sequencing gels for HSUR4-35 and HSUR5-60, respectively, and band intensities were quantified by PhosphorImager analysis. The interference value, kappa (), at each position was calculated as described by McConnell et al. (38) and is the ratio of phosphorothioate incorporated over the phosphorothioate bound in the particle. According to Ryder et al. (61) , values of Ͼ2 indicate interferences, and values of Ͻ0.5 indicate enhancements; however, because the experiments presented here utilize a novel experimental approach, these values are used only as a guide.
Purification of native snRNP TPs. Native snRNP TPs were prepared as described previously (64) . HeLa U snRNPs were immunopurified using anti-2,2,7-trimethylguanosine (mouse) agarose conjugate (Calbiochem). Proteins were resolved on NuPAGE Novex Bis-Tris precast 4 to 12% mini-gels (Invitrogen) and analyzed by silver staining or Western blotting.
Xenopus oocyte microinjections. Injections were carried out as described in Fischer et al. (9) . Briefly, oocytes were harvested and incubated for 2 h in modified Barth's solution containing 0.2% collagenase type II (Sigma). Defolliculated stage V and VI oocytes were collected and used the next day for microinjection. In a typical injection experiment, 20 nl of 32 P-labeled RNAs (usually ϳ1 ϫ 10 6 cpm/ml for each RNA) were injected into the cytoplasm of oocytes. After a 1.5-h incubation, total extract was made and subjected to immunoprecipitation as described for snRNP assembly.
RESULTS
The SMN complex binds to specific and conserved domains of the HSURs. We have previously mapped the SMN complexbinding domains of U2, U4, and U5 snRNAs and found that the SMN complex binds to regions close to the 3Ј ends of these RNAs, including the Sm site and the 3Ј stem-loop (67) . To investigate if this minimal binding domain is conserved among other Sm site-containing RNAs, we performed limited alkaline hydrolysis on the HSURs and assayed their binding to the SMN complex. The 5Ј-or 3Ј-end-labeled HSUR1 or HSUR3 was subjected to partial alkaline hydrolysis, and the resulting hydrolyzed RNA ladders were incubated with high-salt-purified SMN complexes. Bound RNAs were purified and analyzed by denaturing polyacrylamide gel electrophoresis (Fig. 1) . This method allows a rough delineation of the regions of the RNAs that may be necessary or dispensable for binding to the SMN complex. As seen in Fig. 1B , the domain of HSUR1 that is required for SMN complex binding contained, at most, the region between nt 88 and the 3Ј end (nt 143). Although it appears that some additional nucleotides at the 3Ј end may be dispensable for binding, these nucleotides are more likely the result of nonspecific degradation that can also be seen in the input lane at higher exposures. Efficient binding of the SMN complex to HSUR3 required nucleotides from position 17 through the 3Ј end, although an even smaller region, beginning with nt 31, may be sufficient for weaker binding (Fig. 1C) . To confirm that the regions delineated by these mapping experiments are sufficient for SMN complex binding, the RNA fragments mapped in Fig. 1B and C were produced by transcription in vitro in the presence of [
32 P]UTP and tested for direct binding to purified SMN complex or nonspecific HeLa control proteins. Figure 1D and E show that the minimal regions of HSUR1 and HSUR3, respectively, were sufficient for binding to the SMN complex, and none of the RNAs bound to the negative control proteins. Thus, similar to U2, U4, and U5 snRNAs, the regions of HSUR1 and HSUR3 necessary for SMN complex binding include both the Sm site and the 3Ј terminal stem-loop.
To define the SMN complex-binding domains of HSUR4 and HSUR5, using the alkaline hydrolysis data as a guide, we produced a series of 5Ј end deletion mutants. The RNA fragments were transcribed in the presence of [ 32 P]UTP and incubated with purified SMN complex or with nonspecific proteins as a control, and bound RNAs were purified. Among the deletion mutants of HSUR4, the region from nt 35 to the 3Ј end (nt 106) bound efficiently to the SMN complex, while a smaller fragment, beginning with nt 51 bound more weakly (Fig. 1F ). In the case of HSUR5, the region from nt 60 to the 3Ј end (nt 114) efficiently bound to the SMN complex, but the fragment that begins with nt 70 is an even shorter domain that mediated weak binding (Fig. 1G) . None of the RNAs showed any binding to the negative control (data not shown). Similar to HSURs 1 and 3, the minimal regions of HSURs 4 and 5 that are necessary for SMN complex binding also contain the Sm sites and the 3Ј terminal stem-loops. For HSURs 1 to 4, the 3Ј stem-loop alone was tested for binding but was not sufficient (Fig. 1D, E 32 P]ATP and incubated with serial dilutions of RNase T1 for 15 min at 25°C. The digested RNAs were purified and analyzed by electrophoresis on 7 M urea-12% polyacrylamide gels and autoradiography. (C) HSUR5-60 (WT), des-stem, ϩ15-nt, and ϩ70-nt RNAs or an HSUR5-60 RNA with a complete deletion of the 3Ј stem-loop (no-stem) were [ 32 P]UTP labeled, mixed with U6 as a negative control, and incubated with purified SMN complex for 1 h at 4°C. Bound RNAs were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels and autoradiog- Fig. 2A) in HeLa cytoplasmic extracts and analyzed the snRNP assembly reaction products by electrophoresis on native polyacrylamide gels. The fulllength RNAs (HSUR3, HSUR4, and HSUR5) were also labeled and tested in parallel as a positive control. As seen in Fig. 2B , the minimal regions of all three HSURs assembled Sm cores in vitro (lanes 5, 11, and 17) that migrate at a size similar to that of the full-length RNA counterparts (lanes 2, 8, and 14) and supershift upon the addition of anti-Sm (Y12) monoclonal antibody (data not shown). The shorter minimal domains, whose 5Ј ends are indicated by an open arrow ( Fig. 2A) , in addition to HSUR1-88, did not efficiently assemble Sm cores (data not shown). For HSUR5, the band that migrates slightly faster than the Sm core band most likely consists of HSUR5 complexed with the HuR protein, which binds to AUUUA repeats at the 5Ј ends of HSURs 1, 2, and 5 (47) (Fig. 2B, lanes 14 and 15) .
To examine the role of the SMN complex in the assembly of Sm cores on the minimal HSURs, cytoplasmic extracts were immunodepleted of the SMN complex prior to the assembly reaction. As previously demonstrated for full-length RNAs, the removal of the SMN complex resulted in loss of Sm core assembly on minimal RNAs (lanes 3, 6, 9, 12, 15, and 18), even though immunodepletion of SMN did not significantly reduce the amount of Sm proteins in the extracts (16, 56) . The minimal domains of HSUR4 (HSUR4-35) and HSUR5 (HSUR5-60) assembled Sm cores in an SMN-dependent manner, although they appear to have reduced efficiency compared to the corresponding full-length RNAs (Fig. 2B , compare lanes 8 and 11 and 14 and 17). Overall, these experiments indicate that the minimal SMN complex-binding domains are sufficient for Sm core assembly.
A terminal 3 stem-loop is required for SMN complex binding and Sm core assembly. Because the presence of a 3Ј stemloop is a common feature of the minimal SMN complex-binding domains of both the HSURs ( Fig. 2A) and most of the U snRNAs (67), we wished to assess the importance of this structural feature for SMN complex binding and Sm core assembly. Toward this end, we carried out site-directed mutagenesis to destabilize the terminal stem in HSUR5-60 (Fig. 3A , des-stem). Limited RNase T1 digestion, which cleaves 3Ј of guanosines in single-stranded RNAs, confirmed the linearization of the stem structure (Fig. 3B ). In addition, to determine if the stem-loop must be at the 3Ј end of the RNA, constructs were made that included either 15 or 70 additional nucleotides at the 3Ј end of HSUR5-60 (Fig. 3A, ϩ15 nt and ϩ70 nt) . The RNAs were then labeled with [ 32 P]UTP, mixed with labeled U6 snRNA as a negative control, and tested for binding to purified SMN complex or nonspecific immunopurified HeLa cell proteins as a negative control. As Fig. 3C shows, disruption of the secondary structure of the stem-loop strongly reduced SMN complex binding. In addition, a construct that completely removed the 3Ј stem-loop (Fig. 3C , no-stem) also showed a reduction in SMN complex binding (Fig. 3C) . However, the addition of nucleotides to the 3Ј end of HSUR5-60 did not impair SMN complex binding (Fig. 3C) , presumably because the SMN binding site itself ( Fig. 2A) has not been altered. None of the RNAs tested bound to the negative control (data not shown).
To investigate if the structure and/or the position of the stem-loop affect the assembly of an Sm core in vivo, the desstem RNA and the ϩ15-nt and ϩ70-nt RNAs were 32 P-labeled and microinjected into the cytoplasm of Xenopus oocytes as illustrated in Fig. 3D . After 1.5 h, immunoprecipitation of assembled Sm cores with Y12 antibody revealed that the desstem RNA is 50% less efficient in Sm core assembly (Fig. 3E) , consistent with its decreased binding to the SMN complex in vitro (Fig. 3C) . However, despite the efficient binding of the ϩ15 nt and ϩ70 nt HSUR5-60 mutants to the SMN complex (Fig. 3C) , these RNAs are also significantly reduced in Sm core assembly, by 80% and 90%, respectively (Fig. 3E) . We further studied the assembly of the Sm cores on these RNAs in vitro with purified SMN complex or purified snRNP TPs (Fig. 4) . In agreement with the findings that TPs can readily assemble Sm cores on Sm site-containing oligonucleotides alone (59), they efficiently assembled Sm cores on both the des-stem RNA and the ϩ15-nt and ϩ70-nt RNAs (Fig. 4A) . To assess SMNmediated Sm core assembly on the same RNAs, SMN complexes were purified at low-salt conditions so that endogenous Sm proteins remained associated with them (Fig. 4D) . SMN-Sm protein complexes are necessary and sufficient for Sm core assembly (16, 56) . The silver-stained gels demonstrate that purified snRNP proteins (TPs) and the SMN complexes used in these experiments contained similar amounts of Sm proteins ( Fig. 4D and E) . In contrast to TPs, assembly of Sm cores was drastically reduced on the des-stem RNA, ϩ15-nt and ϩ70-nt RNAs, and no-stem RNA, compared to the wildtype (Fig. 4B and C) . The assembly of the des-stem RNA is decreased by 95% in vitro and 50% in vivo, while the assembly of the ϩ15-nt and ϩ70-nt RNAs is decreased by 50% and 75% in vitro and 82% and 90% in vivo (Fig. 3E and 4B ). Thus, the overall level of assembly of all three RNAs is decreased in comparison to wild type both in vitro and in vivo. Therefore, unlike TPs, the SMN complex requires a stem-loop 3Ј of an Sm site for binding, and it will only assemble an Sm core efficiently if the stem-loop is located at the 3Ј end of the RNA. 32 P]UTP labeled, mixed with labeled U6, and injected into the cytoplasm of oocytes as shown in panel D. After incubation for 1.5 h, the oocytes were homogenized, and immunoprecipitations were carried out with either anti-Sm (Y12) or control nonimmune (SP2/0) antibodies. RNAs were purified and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels. Total represents 10% of the fractions used for each immunoprecipitation. The levels of assembly were quantitated using imaging software and normalized to the wild type.
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The sequence of the 3 stem-loop is not critical for SMN complex binding and Sm core assembly. To determine if the specific sequence of the stem or the loop is important for SMN complex binding and SMN-mediated Sm core assembly, we constructed several mutants of HSUR4-35 and HSUR5-60 that have alterations in the sequences, but not the lengths, of the terminal stem-loop. To maintain the base-pairing properties of the stem and the size of the loop, only the directionality of the sequences was changed, so that the stem is either flipped upside-down (flip), the 5Ј face of the stem is swapped with the 3Ј face of the stem (swap), or the sequence of the loop is reversed (loop), as illustrated in Fig. 5A . These RNAs were then transcribed in vitro with [ 32 P]UTP, mixed with labeled U6 snRNA as a negative control, and incubated with purified SMN complexes or with the corresponding HeLa-immunopurified control fractions. Interestingly, most of the sequence alterations in the stem or the loop of HSUR4-35 and HSUR5-60 did not reduce the binding to the SMN complex (Fig. 5B) . Only one construct, HSUR5-60 swap, had some reduction in SMN complex binding (Fig. 5B) . None of the RNAs showed background binding to the negative control (data not shown).
To determine the effects of stem-loop mutations on Sm core assembly, the 32 P-labeled RNAs were microinjected into the cytoplasm of Xenopus oocytes, as described in Fig. 3D . Immunoprecipitation with Y12 antibody from total extract revealed that all of the stem-loop mutants of both HSUR4-35 and HSUR5-60 efficiently assembled Sm cores in vivo (Fig. 5C and D, respectively). As a majority of the sequence changes do not affect SMN complex binding or Sm core assembly, it seems unlikely that the SMN complex recognizes a specific sequence FIG. 4 . A terminal stem-loop is required for SMN-dependent Sm core assembly. (A) A total of 10,000 cpm of HSUR5-60 (WT), des-stem, or ϩ15-nt and ϩ70-nt RNAs (Fig. 3) were incubated with HeLa snRNP TPs for 1 h at 30°C and then subjected to immunoprecipitation with anti-Sm (Y12) antibody. RNAs with assembled Sm cores were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels and autoradiography. The levels of assembly were quantitated using imaging software and normalized to the wild type, and the input values were normalized prior to assembly. The composition of TPs is shown in panel E. (B) The RNAs used in panel A were incubated with low-salt-purified SMN complex for 1 h at 30°C and then subjected to immunoprecipitation with anti-Sm (Y12) antibody. RNAs with assembled Sm cores were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels and autoradiography. The levels of assembly were quantitated using imaging software and normalized to the wild type, and the input values were normalized prior to assembly. The composition of SMN complex is shown in panel D. (C) HSUR5-60 no-stem (no 3Ј stem-loop) RNA was incubated with low-salt-purified SMN complex (SMN) or TPs for 1 h at 30°C and then subjected to immunoprecipitation with anti-Sm (Y12) antibody. RNAs with assembled Sm cores were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels and autoradiography. Input represents 10% of total. The experiments shown in panels B and C were performed in parallel. (D) Native SMN complexes (SMN) or nonspecific proteins (Control) were purified from flag-Gemin2 cells or the parental HeLa cells, respectively, under low-salt conditions as described in Materials and Methods. Flag-purified proteins were eluted with 3ϫ Flag peptide, resolved by electrophoresis on 4 to 12% gradient polyacrylamide gels, and analyzed by silver staining. Under these conditions, all seven Sm proteins copurify with the SMN complex. (E) Native snRNP TPs were purified from HeLa cells as described in Materials and Methods and were analyzed by electrophoresis on 4 to 12% gradient polyacrylamide gels and by silver staining.
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in either the stem or the loop of these RNAs. Rather, the stem-loop appears to be an important structural element required for SMN complex binding. Specific nucleotides of the Sm site are essential for SMN complex binding and Sm core assembly. In addition to the 3Ј stem-loop, the Sm site is a conserved feature among the minimal SMN complex-binding domains ( Fig. 2A) (67) . To determine if the conserved sequence of the Sm site is important for SMN complex binding, we produced mutations in the Sm site of HSUR5-60 (AUUUUUG) that changed uridines 1 through 5 to a cytosine one at a time, in addition to the adenosine and guanosine, which were changed to a cytosine and adenosine, respectively. The HSUR5-60 mutants were then labeled with [ 32 P]UTP, mixed with U6 as a negative control, and bound to purified SMN complexes or nonspecific control proteins. As seen in Fig. 6A , substitution of the first or third uridines of the Sm site significantly reduced SMN complex binding by 80% and 90%, respectively, and a change in the second, fourth, or fifth uridines decreased SMN complex binding by 38 to 55%. Substitution of the Sm site adenosine also drastically reduced SMN complex binding, whereas substitution of the guanosine had no detectable effect (Fig. 6A) . None of the Sm site mutants bound to the negative control (Fig. 6A) . To differentiate between Sm site mutations that interfere with Sm protein binding versus mutations that affect SMN-dependent Sm core assembly, the Sm site mutants were incubated with either TPs or low-salt-purified SMN complex ( Fig. 6B and C) . Interestingly, TPs readily assembled an Sm core when any one of the Sm site positions was changed but did not assemble on a mutant that contains a double substitution in both the first and third uridines of the Sm site (Fig. 6C and data not shown) . In contrast, a change to the first and/or third uridines of the Sm site caused a dramatic reduction in SMN-mediated Sm core assembly (Fig. 6B) . Interestingly, when the fourth uridine is changed to a cytosine, the Sm site becomes identical to that of a subset of U1 snRNAs. Similar to the reduction in SMN complex binding observed for this substitution (Fig. 6A) , the SMN-mediated Sm core assembly on this RNA was also reduced by at least one-half (data not shown). While the overall sequence of the Sm site appears to be important, these data suggest that the adenosine and first and third uridines of the Sm site are critical for SMN complex binding and SMN-mediated Sm core assembly.
The SMN complex contacts the snRNA backbone at the first and third uridines of the Sm site. Because the sequence of the Sm site appears to be important for SMN complex binding and Sm core assembly, we asked if the SMN complex directly contacts this region of the snRNA. To identify potential interactions of the SMN complex with the RNA backbone, we carried out phosphorothioate interference mapping. Phosphorothio- VOL. 25, 2005 THE SMN COMPLEX BINDS THE snRNP CODEate interference mapping utilizes the random incorporation of ␣-phosphorothioate-tagged nucleotide analogs into the phosphate backbone of the RNA molecule. After exposure to a functional assay, the tagged RNAs are recovered, and the phosphorothioate linkages are cleaved upon addition of iodine, producing a ladder on a sequencing gel (61) . At a position where the substitution interferes with protein binding, a band of lower intensity will be present on the gel that is quantitatively represented as an increased kappa (, or interference) value. Likewise, a reduction in the value indicates a position of enhancement (61) . To identify positions in the HSURs where phosphorothioate substitution affects SMN complex binding, HSUR5-60 and HSUR4-35 were transcribed in the presence of the adenosine (A), uridine (U), guanosine (G), or cytidine (C) ␣-thiotriphosphates, labeled at the 5Ј end with [␥-32 P]ATP and incubated with high-salt-washed immunopurified SMN complexes or nonspecifically immunopurified proteins as a control. The purified SMN complex appears to be free of Sm proteins, as their association is undetectable by both silver stain and Western blotting ( Fig. 1A ; see also Fig. 8D)  (52, 56, 67, 68) . Bound RNAs were then purified, cleaved with iodine, and analyzed by denaturing polyacrylamide gel electrophoresis. Figure 7A and B show the sequencing ladders for HSUR5-60 and HSUR4-35, respectively. Although the full-length HSUR5-60 and HSUR4-35 RNAs were used, only the regions contained within nucleotides 70 to 114 and 52 to 92, respectively, were analyzed for interference values. As a control for phosphorothioate incorporation and cleavage efficiency, an equivalent amount of the total RNAs was treated with iodine and loaded in parallel (Fig. 7A and B) . In addition, total and SMN complex-bound RNAs not treated with iodine were analyzed for nonspecific cleavage, which was undetectable (data not shown). For both HSUR5-60 and HSUR4-35, strong interferences occurred at the first and third uridine positions of the Sm site (Fig. 7A [U76 and U78] and B[U71 and U73]), in addition to U89 in the terminal loop and C65 in the 5Ј stem-loop of HSUR4-35, respectively (Fig. 7B) . The graphs shown in Fig. 7C and D display the numerical values for the uridine positions of the two RNAs, which are increased for the first and third Sm site uridines. The kappa values that we consider significant range from 1.4 to 2.2; rather than the absolute values of the 32 P]UTP labeled, mixed with U6 as a negative control, and incubated with purified SMN complex (SMN complex) or control HeLa proteins (Control) for 1 h at 4°C. Bound RNAs were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels and by autoradiography. Total represents 10% of input. The levels of binding were quantitated using Photoshop and normalized to the wild type. (B) A subset of the RNAs used in panel A were incubated with low-salt-purified SMN complex (Fig. 4D ) for 1 h at 30°C and then subjected to immunoprecipitation with anti-Sm (Y12) antibody. RNAs with assembled Sm cores were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels and autoradiography. (C) The RNAs used in panel B were incubated with TPs (Fig. 4E ) for 1 h at 30°C and then subjected to immunoprecipitation with anti-Sm (Y12) antibody. RNAs with assembled Sm cores were isolated and analyzed by electrophoresis on 7 M urea-8% polyacrylamide gels and autoradiography.
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interferences, it is the relative differences in the values among the nucleotide positions that suggest an interaction with the SMN complex. Even though the Sm site adenosine also appears to be important for SMN complex binding (Fig. 6C) , no specific interference was observed at this position or at any other A, C, or G position within the regions analyzed that has not been specifically mentioned (Fig. 7A and B and data not shown). Contacts with nucleotides in the 5Ј stem (C65) and the 3Ј loop (U89) of HSUR4-35 are also seen, but these contacts are not conserved in HSUR5-60, suggesting that they are not likely to be critical, especially specific nucleotides within the 3Ј stem-loop (Fig. 5) . Because the HSURs share a common binding site on the SMN complex with U4 snRNA (16), a similar analysis of the minimal SMN complex-binding domain of U4 snRNA (67) was performed and also revealed an increase in the values for the first and third Sm site uridines (data not shown). It is possible that the SMN complex also makes contacts at positions outside of the analyzed region or in a different manner that does not result in interference with phosphate backbone interactions. However, these results clearly indicate that SMN complex recognition of snRNAs does involve direct contact of the phosphate backbone of specific Sm site uridines. Sm proteins alone do not contact the phosphate backbone of Sm site uridines. To rule out interference that might be caused by Sm proteins, if any, rather than SMN complex, purified snRNP TPs that contain all seven Sm proteins in addition to U1 snRNP-specific proteins (Fig. 4E) were incubated with phosphorothioate-tagged HSUR5-60. RNAs that acquired an Sm core were immunoprecipitated with Y12, cleaved with iodine, and analyzed by denaturing polyacrylamide gel electrophoresis. Figure 8A shows the resulting sequencing ladder for the region of HSUR5-60 that includes nt 70 through the 3Ј end. Interestingly, the calculated interference () values revealed that the TPs do not contact the phosphate backbone at any position within the Sm site (Fig. 8B) . Rather, interferences were numerically determined to occur only at positions outside of the Sm site, including U92, C86, and G109 within the region analyzed ( Fig. 8C and data not shown) . Importantly, the pattern of interference revealed by TPs is completely different from that of the SMN complex (compare Fig. 7 and 8) , and the TPs used in this experiment do not contain any obvious traces of SMN complex components (Fig. 8D) . This experiment demonstrates that direct contact of the Sm site is due to SMN complex, rather than Sm protein, interactions with the snRNA.
DISCUSSION
Previous experiments indicated that the process of snRNP assembly, particularly the formation of the highly stable Sm core, is not a self-assembly process as had been widely believed, but, rather, is an active process mediated by the SMN complex (3, 9, 29, 30, 40, 42, 43, 55, 56, (67) (68) (69) . Perhaps the key reason for cells to employ the SMN complex for snRNP assembly is to prevent the potentially promiscuous Sm proteins from forming Sm cores indiscriminately and to ensure that Sm cores only assemble on the correct RNAs (56, 67) . Subsequent experiments delineated the general domains in the major snRNAs (U1, U2, U4, and U5) that contain the specific binding sites for the SMN complex (67, 68) . However, other than the short Sm site, there is no extensive sequence similarity among the SMN complex-binding domains of these snRNAs; therefore, how the SMN complex might distinguish them from other cellular RNAs remained unclear. The HSURs, the snRNAs encoded by HVS (46) , provided an attractive system to address this question because they use the SMN complex to assemble Sm cores, bind the SMN complex with high affinity, have considerable sequence conservation among them, and bear a striking resemblance to the overall structure of several of the major snRNAs (16, 27, 28) . By systematic mutagenesis of the HSURs and using several experimental approaches, we determined the critical RNA sequence features that confer binding to the SMN complex and assembly of an Sm core. These experiments revealed a surprisingly simple structural configuration, comprised of an Sm site (AUUUUUG) and a 3Ј terminal stem-loop that is critical for Sm core assembly in vitro and in vivo. These structural features, illustrated in Fig. 9 , are remarkably independent of RNA sequence. This motif constitutes a snRNP code that is recognized by direct binding to the SMN complex and triggers formation of the Sm core on the Sm site.
Several lines of evidence indicate that it is the SMN complex itself, and not the Sm proteins on their own, that is responsible for deciphering this snRNP code. First, the purified SMN complex (high-salt washed) used in the RNA-binding experiments contained no detectable Sm proteins. This is assessed both by silver staining and immunoblotting ( Fig. 1A and 8D ) and by RNP gels that showed no detectable Sm core formation from these complexes (data not shown). Second, the profile of interactions of the SMN complex with the RNAs, assayed by phosphorothioate interference mapping, is significantly different from that of Sm proteins alone. The SMN complex contacts the backbone phosphates of the first and third uridines (Fig. 7) , while TPs alone contact only the backbone of the 3Ј stem-loop but not Sm site uridines (Fig. 8) . These interference data are consistent with the previous report that TPs interact with the backbone of the 3Ј stem-loop of U1 snRNA but not at nucleotide positions within the Sm site (38) . Therefore, it is unlikely that the data we present here represent Sm protein, rather than SMN complex-dependent, interactions with snRNAs. UV cross-linking experiments have shown that Sm proteins, particularly, SmG and SmB/BЈ, also contact the first and third uridines in vitro (65) . Although we cannot entirely rule out the possibility that the high-salt-purified SMN complex contains trace amounts of Sm proteins and that, therefore, they might play a role in the recognition of the snRNAs, it is clear that if the Sm proteins do play a role in the binding to snRNAs, their properties must be changed and controlled by the SMN complex. Furthermore, the assembly activity of purified TPs is much more promiscuous than that of purified SMN complex (Fig. 4 and 6) , despite comparable concentrations of Sm proteins in each preparation ( Fig. 4D and E) . In vivo, Sm proteins are not free but are associated with a number of protein complexes, including the 6S pICln-containing complex and the 20S methylosome (14, 15, 41, 58) . Because only Sm proteins that are carried by the SMN complex are competent for Sm core assembly (56) , it makes sense that the SMN complex might recognize the very same site upon which Sm proteins assemble. This stringency would explain how the SMN complex ensures that Sm cores assemble only on the correct RNA targets (56) . At this time, it is not known which protein component(s) of the SMN complex are responsible for binding RNA. The strong resemblance of the minimal SMN complex-binding domains of the HSURs to the domains in the major Sm site-containing U snRNAs, U2, U4, and U5 (previously shown to contain the SMN-binding sites [67] ), argues that the features we define here are of general significance for snRNAs. The clear exception is U1 snRNA, which contains a distinctly different motif for binding to the SMN complex. In U1, the high-affinity binding site for the SMN complex is in stem-loop 1 and does not require the Sm site (67) (68) (69) . Furthermore, the Sm site sequence of U1, AAUUU(C/G)UGG, is different from and not interchangeable with that of U5 snRNA (23). Consequently, U1 snRNA binds to the SMN complex through a sequence at its 5Ј, rather than 3Ј, end and at an independent binding site on the SMN complex, while the other U snRNAs and the HSURs share a second binding site (16, 67) . Indeed, competition experiments suggest that there are at least two snRNA binding sites on the SMN complex, one for U1 snRNA and another for all the other snRNAs and the HSURs. Unlike Sm proteins, which promiscuously assemble an Sm core on single-stranded uridine-rich sequences in vitro (59), SMN complex recognition of an snRNA requires more. Consistent with previous assembly experiments that suggested that the Sm site might cooperate specifically with other elements of snRNAs for snRNP assembly (23), the data presented here suggest that the SMN complex recognizes the Sm site of an snRNA when it is presented within the context of a 3Ј stem-loop. Upon destabilization or removal of the stem-loop, SMN complex binding and SMN-mediated Sm core assembly are dramatically reduced ( Fig. 3 and 4) . However, in contrast to the critical uridines of the Sm site, the sequence of the stem-loop seems to be relatively unimportant (Fig. 5 ). This makes sense considering that the stem-loop sequences of the U snRNAs and HSURs do not appear to have extensive sequence conservation both within and between the two groups. Furthermore, five variants of U5 snRNA exist within cells that have various changes throughout their stem-loop sequences that do not affect their assembly into snRNPs (62) . Via the assembly and selection of Sm cores on randomized RNAs in Xenopus oocytes, Grimm et al. (17) identified the motif AAUUUUUGG, located near the 3Ј stem of the carrier RNA, as the predominant sequence that confers Sm core assembly. As we now know that it is the SMN complex that both selects RNAs and mediates the assembly of Sm cores on them, these findings support the conclusion that sequences and structures unrelated to those defined here can function efficiently in SMN binding. Figure 9 summarizes the ranges of lengths of the 3Ј end stem and loop that exist among all U snRNAs and HSURs. Less is known about the requirement for sequences located 5Ј of the Sm site. Mapping data from both U snRNAs (67) and HSURs (this study) suggest that at least ϳ15 nt are required 5Ј of the Sm site. Although there is no sequence or length conservation among the minimal 5Ј end regions, we cannot rule out that a specific sequence or that individual nucleotides specific to each RNA may be important for SMN complex binding. Although the SMN complex appears to contact the phosphate backbone of a cytosine in the stem 5Ј of the Sm site and a uridine in the 3Ј loop of HSUR4-35 ( Fig. 7) , these nucleotides are not conserved in HSUR5-60 and likely do not play the same role in the recognition by the SMN complex as do Sm site uridines. It is also possible that the 5Ј end may be required to maintain the overall secondary structure of the snRNA, to present a singlestranded Sm site, or to stabilize the Sm protein ring. In addition, there appears to be an upper limit on the length of the sequence just 3Ј of the SMN complex-binding element. Masuyama et al. (34) have recently shown that the length of the RNA determines the export pathway it utilizes. The addition of ϳ300 nt to U1 snRNA shunted it to the mRNA export pathway, possibly influencing its activity and fate in the cytoplasm.
Binding to the SMN complex, while necessary, is not sufficient for Sm core assembly. The SMN complex binds to an RNA that has the right configuration of an Sm site sequence and an adjacent 3Ј stem-loop. This conclusion is further supported by experiments with a U1 snRNA construct (U1 Swap) that is identical to wild-type U1, except that the positions of stem-loops 1 and 4 were swapped, so that stem-loop 1 is placed 3Ј to the Sm site (U1 Swap) (67) . While U1 Swap contains all the sequence elements required for SMN complex binding and Sm core assembly, including a high-affinity SMN complex binding site and an Sm site, the SMN complex discerns that the position of the Sm site relative to the 3Ј end of the RNA has been altered and, subsequently, will bind to but not assemble an Sm core on the RNA (67). It is currently not known if the distance between the Sm site and the 3Ј stem-loop is an important prerequisite in the assembly of an Sm core. Among all of the U snRNAs and HSURs, however, this length is maintained somewhere between 1 and 5 nt. In addition, if the RNA contains more than about 15 single-stranded nucleotides at the 3Ј end, the SMN complex will not assemble an Sm core on it, in marked contrast to the behavior of TPs (Fig. 3 and 4) . Thus, binding and assembly are two distinct steps within the snRNP biogenesis pathway, and the SMN complex has a built-in surveillance capacity that aborts the assembly reaction if the RNA does not have all the correct features. It is not clear whether the aborted RNAs accumulate in the cytoplasm, are degraded, or are shortened via an exonucleolytic mechanism to become substrates for Sm core assembly. At least after a 1-h incubation, the elongated RNAs appear to remain full-length (Fig. 3) . Other studies have reported that U1 snRNA molecules with heterogenous 3Ј ends do not efficiently assemble Sm cores and become poor substrates for normal 3Ј-end processing in Xenopus oocytes (50) . In vivo, U snRNAs are transcribed as precursors that have been reported to contain as many as 6 to 8 nt more than the mature molecule (33) , and Sm core assembly seems to be required for the 3Ј end processing (71) .
The discovery that the SMN complex decodes the critical sequence features of snRNAs through direct binding offers a mechanism to explain how Sm cores are only assembled on the correct RNAs. These findings suggest a structural algorithm that can be used to predict additional snRNAs, if such exist, and possibly motor neuron-specific RNA substrates for the SMN complex. Viewed in the more general context of how cells distinguish among the different classes of RNAs, our studies reveal a clear signature in the major snRNAs and demonstrate that the SMN complex performs the task of iden- tifying that signature as well as carrying out the assembly of these RNAs into the corresponding RNPs.
